lead to chromosome instability and cancer, we conclude that hESCs grown in culture for future therapeutic purposes should be routinely checked for replication stress and telomere dysfunction.
chromosome instability in cancer cells [Sabatier et al., 2005; Muraki et al., 2012] .
Telomere dysfunction can occur due to gradual shortening of telomeres in cells lacking telomerase [d'Adda di Fagagna et al., 2003; Capper et al., 2007] . However, telomere dysfunction can also occur in telomerase-positive cells due to stochastic events resulting from replication stress that can occur following the disruption or partial inhibition of DNA synthesis [Sfeir et al., 2009; Suram et al., 2012] . Replication stress causes DSBs at fragile sites [Zeman and Cimprich, 2014] , which are DNA sequences in the genome that have slower rates of replication. Due to oncogene-induced replication stress, fragile sites, like telomeres, are hotspots for chromosome rearrangements in cancer cells [Bignell et al., 2010] . In view of the fact that DSBs near telomeres are poorly repaired, we have previously proposed that those resulting from replication stress are an important mechanism for genomic instability in cancer [Murnane, 2010] . Consistent with this proposal, reducing replication stress has been shown to decrease the tumorigenicity of cancer cells [Bester et al., 2011] . Briefly, replication stress induces telomere dysfunction, which can lead to either replicative senescence or tumorigenesis depending on the cell type involved.
In the current study we investigated telomere dysfunction in a human embryonic stem cell (hESC) line, UCSF4, using quantitative fluorescence in situ hybridization (Q-FISH) to determine how the growth in culture affects replication stress. In view of the consequences of telomere dysfunction for chromosome instability and the fact that cells derived from hESCs are intended for use in humans, understanding how culture conditions influence replication stress and telomere dysfunction in hESCs is of high importance. Our results show that culturing conditions can influence telomere dysfunction in the hESC line UCSF4, and that monitoring telomere dysfunction by Q-FISH is an effective way of optimizing culture conditions for hESCs.
Materials and Methods

Cell Culture and Reagents
The hESC line UCSF4 was derived by Dr. Susan Fisher (UCSF), NIH registry number 0044 [Krtolica et al., 2011; Felfly and Klein, 2013] . UCSF4 was grown in feeder-free mTeSR media (STEM-CELL Technologies) with either Matrigel (Corning) or Geltrex basement membrane (Life Technologies). ROCK inhibitor (10 μ M , Selleckchem) was added to the cultures during passaging and was removed after 24 h. Activin A (10 ng/ml, R&D Systems), IGF (200 ng/ml, LONG R3 IGF-1, Sigma), and nucleosides (EmbroMax Nucleosides, Millipore) were added to cell cultures for 5 days before analysis. Aphidicolin (Fisher Scientific) treatment was performed by allowing the cells to attach and grow for 24 h, after which 0.1 or 0.2 μ M aphidicolin was added for 16 h, followed by a 2-hour release from the drug.
Q-FISH
Q-FISH for telomere analysis was performed as previously described [Poon and Lansdorp, 2001] . Briefly, cells were arrested in metaphase by incubation with colcemid (Invitrogen) for ∼ 3 h. Cells were pelleted, washed once in PBS, and resuspended in hypotonic buffer (Genial Genetics). After 20 min incubation at 37 ° C, cells were fixed in 3: 1 methanol:acetic acid and dropped onto slides in a humid chamber. After drying overnight, slides were fixed in 4% formaldehyde, treated with 1 μg/ml pepsin (Sigma), fixed again in 4% formaldehyde, and dehydrated in decreasing amounts of ethanol. A PNA probe specific for telomere repeat sequences (TelC-Cy3 from PNA Bio) was hybridized to the samples by heating slides to 80 ° C for 3 min followed by a 2-hour incubation in a humid chamber at room temperature. Slides were then extensively washed and dehydrated in ethanol, and after drying overnight, coverslips were applied to the slide with Prolong Gold anti-fade reagent with DAPI (Invitrogen).
Immunofluorescent Staining
For immunofluorescent staining, cells were grown on coverslips, fixed in 2% paraformaldehyde in interphase, washed in PBS, and permeabilized in 80% methanol. Samples were blocked with 0.1% BSA and incubated with primary antibody to 53BP1 (1: 200, Bethyl Laboratories), followed by goat anti-rabbit AlexaFluor 488. Coverslips were briefly fixed again and blocked with 1% BSA. Cells were stained with OCT4 primary antibody (1: 400, sc-5279, Santa Cruz) and goat anti-mouse AlexaFluor 647. Immunofluorescent staining was followed by PNA staining for telomere repeats. Coverslips were applied to the slides with Prolong Gold anti-fade reagent with DAPI (Invitrogen).
Microscopy
Metaphase spreads were imaged on a Zeiss Axio Imager Z2 upright microscope using a Metasystems Metafer slide-scanning platform. Images were taken at ×63 using Metafer software. Telomere dysfunction-induced foci (TIF) images were obtained on a Zeiss AxioImager 2 multi-channel, upright microscope at ×63 magnification using Axiovision software.
Growth Curves
Cells were plated at 2 × 10 5 cells/well in 6 well plates. At the days indicated, the cells were trypsinized and resuspended with 0.04% trypan blue to detect and exclude dead cells. Each well was counted in duplicate on a Nexcelom Cellometer.
Cell Cycle Analysis
Cells were trypsinized, washed twice in PBS containing 0.1% BSA, and resuspended at 1 × 10 6 cells/ml. While gently vortexing, 3 ml of cold 100% ethanol was added drop wise to 1 ml of cells. After overnight incubation at 4 ° C, the cells were washed and resuspended in 1 ml of PBS containing 0.1% BSA, 40 μg/ml propidium iodide, and 500 μg/ml RNAse A. After a 3-hour incubation period at 4 ° C, the cells were analyzed using an Accuri C6 flow cytometer and C-Flow software.
Telomerase Assay
Telomerase activity was determined with the TRAPeze XL Telomerase Detection Kit (Millipore) using the manufacturer's instructions. The TRAPeze XL Kit detects telomerase activity in cell extracts by first performing telomere extension on a template, which is then amplified by PCR. The extent of amplification is detected by fluorometric analysis using Amplifluor primers. Telomerase activity is then determined by the ratio of fluorescein to sulforhodamine emission based on amplification of the internal control template TSK2. Negative controls consist of the same extracts heated at 85 ° C for 10 min to inactivate telomerase activity. The positive control consists of an extract made from 10 6 telomerase-positive cells supplied with the kit.
Results
Measuring Telomere Dysfunction in UCSF4 hESCs
The hESC line UCSF4 was analyzed for telomere dysfunction; all experiments were performed with cells between passage number 20 and 40. The level of telomerase activity was high and remained stable in UCSF4 cells during this time in culture ( fig. 1 ). Dysfunctional telomeres were identified using Q-FISH, which utilizes a PNA probe specific for telomere repeat sequences. Healthy telomeres appear as round, punctate signals at the ends of the chromatids in mitosis. Dysfunctional telomeres were placed in 4 categories, examples of which are shown in figure 2 . These categories include telomere signals that are smeared, telomeres that appear as doublets, undetectable telomeres, and short telomeres on both sister chromatids. Short telomeres were identified as those where staining was detectable but significantly dimmer than the average for the cell. Other research groups have shown that telomere dysfunction detected by Q-FISH is associated with DNA damage, as identified by TIFs [Takai et al., 2003] . TIFs are identified by co-localization of a telomere with a DSB-associated protein [Takai et al., 2003; Sfeir et al., 2009 ] such as 53BP1, demonstrating that telomere dysfunction is related to DSBs. We observed that the UCSF4 cell line grown in defined mTESR1 medium has an average of 7 dysfunctional telomeres per cell ( fig. 3 a) .
Aphidicolin-Induced Replication Stress Increases Telomere Dysfunction in UCSF4 hESCs
Aphidicolin is an inhibitor of DNA polymerase. Although high levels of aphidicolin cause cell death, lower levels cause replication stress, leading to stalled replication forks at fragile sites [Arlt et al., 2012] . Because telomeres are fragile sites, aphidicolin-induced replication stress results in telomere dysfunction [Martínez et al., 2009; Sfeir et al., 2009] . UCSF4 cells treated overnight with low levels of aphidicolin showed increased dose-dependent telomere dysfunction compared to DMSO controls ( fig. 3 a) . Aphidicolin treatment also increased the percent of cells with 53BP1 foci ( fig. 3 b, e) as well as the percent of cells with more than one 53BP1 foci ( fig. 3 c) . With DMSO-treated control populations, 15.4% (±3.3% SEM) of the cells had 53BP1 foci, while 0.1 and 0.2 μ M aphidicolin increased the percent of cells with 53BP1 foci to 38.7% (±5.7% SEM) and 64.1% (±11.9% SEM), respectively (p < 0.05). In addition, the percent of 53BP1-positive cells with 4 or more foci increased from 7.2% (±0.2% SEM) in DMSO control populations to 18.6% (±3.1% SEM) and 22.5% (±4.5% SEM) in 0.1 and 0.2 μ M aphidicolin-treated populations, respectively (p < 0.05 for both concentrations). TIF formation also increased with aphidicolin treatment. However, while the percent of cells with TIFs increased ( fig. 3 d) , the number of TIFs per cell did not significantly change (data not shown). This is primarily due to the fact that TIFs were usually present only at 1 TIF per cell ( fig. 3 e) . Therefore, similar to other cultured cells, aphidicolin causes telomere dysfunction in UCSF4 cells. 
Addition of Exogenous Nucleosides Decreases Telomere Dysfunction in UCSF4 hESCs
One well-documented cause of replication stress is the depletion of nucleotide pools, as shown by the extensive replication stress caused by hydroxyurea, which reduces nucleotide synthesis by inhibiting the enzyme ribonucleotide reductase [Arlt et al., 2012; Zeman and Cimprich, 2014] . Nucleosides are readily taken up by cells in culture and are precursors of deoxynucleotide triphosphates that are incorporated into the new strand during DNA synthesis. If DNA polymerase does not have access to sufficient deoxynucleotide triphosphates, it will stall, which can result in a DSB [Zeman and Cimprich, 2014] . Addition of exogenous nucleosides can relieve DNA damage due to replication stress in cancer cells, showing that replication stress associated with cancer is at least partially due to insufficient nucleotide pools [Burrell et al., 2013; Bester et al., 2011] . To determine whether replication stress and telomere dysfunction in UCSF4 cells are also associated with insufficient nucleotide pools, we tested whether the addition of nucleosides to the growth medium can reduce replication stress. The addition of 15 and 30 μ M nucleosides to the growth medium reduced dysfunctional telomeres from an average of 7.8 ± 0.7 per cell to an average of 5.7 ± 0.3 and 5.9 ± 0.3 per cell, respectively (p < 0.05) ( fig. 4 a) . The addition of nucleosides caused no significant change in the percent of cells with 53BP1 foci ( fig. 4 b) . However, the addition of nucleosides did reduce the number of 53BP1 foci per cell ( fig. 4 c) . A total of 7.1% (±0.24% SEM) of the untreated control cells with 53BP1 foci had 4 or more foci, while only 2.8% (±0.04% SEM) of the 53BP1-positive nucleoside-treated cells had 4 or more foci (p < 0.001). Additionally, nucleosides decreased TIF formation ( fig. 4 d) . Untreated control cells showed 3.9% (±0.2% SEM) TIFpositive cells, while the addition of nucleosides reduced TIF-positive cells to 2.8% (±0.2% SEM) (p < 0.05). Increasing nucleotide pools therefore decreases dysfunctional telomeres associated with DNA damage in UCSF4 cells. 
Addition of Growth Factor Activin A Induces
Telomere Dysfunction in UCSF4 hESCs hESCs grown in feeder-free, unconditioned defined medium require fibroblast growth factor to maintain pluripotentency and remain actively dividing [Xu et al., 2005] . Additional growth factors are also commonly added to hESC growth media to enhance proliferation and maintain pluripotency. One such growth factor is Activin A, a member of the tumor growth factor beta (TGF-β) family. Other laboratories have previously reported that when added at low levels (10 ng/ml), Activin A maintains hESC proliferation and pluripotency by signaling through SMAD proteins [Beattie et al., 2005; Xiao et al., 2006] . To determine their influence on telomere dysfunction, we cultured cells in the presence of Activin A or insulin-like growth factor-1 (IGF-1) (200 ng/ml) [Wang et al., 2007] . Addition of Activin A to the growth medium increased the number of dysfunctional telomeres in UCSF4 cultures by 40% (p < 0.05), while the addition of IGF-1 had no effect ( fig. 5 a) . 53BP1 foci ( fig. 5 b) more than doubled with Activin A treatment, with 53BP1 foci increasing from 15.4% (±3.9% SEM) to 40.0% (±3.6% SEM) (p < 0.01). However, Activin A treatment did not significantly affect the number of 53BP1 foci per cell ( fig. 5 c) . Similar to 53BP1, Activin A treatment also increased TIFs ( fig. 5 d) , which increased from 3.6% (±0.2% SEM) to 8.0% (±2.1% SEM) (p < 0.05). Taken together, these results demonstrate that Activin A increases DNA damage and telomere dysfunction in UCSF4 cells. 
Activin A Causes UCSF4 hESCs to Undergo Differentiation and Growth Arrest
Because previous studies found that Activin A helps to maintain proliferation and pluripotency of hESCs [Beattie et al., 2005; Vallier et al., 2005] , we investigated the effects of Activin A on growth of UCSF4 cells. Growth curves were performed on UCSF4 cultures grown in regular medium, medium supplemented with Activin A, or medium containing nucleosides ( fig. 6 a) . Addition of nucleosides alone did not significantly change the growth rate of the UCSF4 cultures (p > 0.09 for all time points). However, the addition of Activin A severely decreased the growth rate of UCSF4 cultures compared to untreated controls at days 3, 5 and 7 (p < 1 × 10 -4 for all time points). Cell cycle analysis using propidium iodide staining and flow cytometry revealed that the Activin A-treated UCSF4 cultures showed an increase in cells in G1 phase compared to untreated controls ( fig. 6 b, c) . The untreated cells had 44.5% (±2.6% SEM) of the population in G1 phase, while the Activin A-treated cells had 58.7% (±2.3% SEM) of the cells in G1 phase, which is significantly higher than the untreated controls (p < 0.05). The fraction of cells in G2/M in UCSF4 cultures treated with Activin A (19.2 ± 1.2% SEM) was slightly reduced compared to controls (22.4 ± 1.5% SEM). In contrast to Activin A compared to controls, the addition of nucleosides to the growth medium resulted in a slight decrease in the percentage of cells in G1 phase (42.1 ± 2.4% SEM) and an increase in the percentage of cells in G2/M (28.9 ± 2.5% SEM).
Next, we explored the reason for the increase in cells in G1 phase caused by Activin A. Undifferentiated hESCs have a weak G1/S checkpoint [Sokolov and Neumann, 2012] and therefore would not be expected to arrest in G1 in response to DNA damage. However, we observed differences in morphology between UCSF4 cultures grown with or without Activin A. The UCSF4 cells in the control cultures grew in typical colonies with rounded morphol- 1,000 Cell count 6 e) . A majority of the Activin A-treated UCSF4 cells had therefore differentiated, which would explain the increase in cells in G1 phase.
Differentiated UCSF4 hESCs Have Fewer TIFs than Undifferentiated Cells
Although Activin A-treated UCSF4 cells showed increased telomere dysfunction, the damage was not equally distributed among differentiated and undifferentiated cells. OCT4-positive undifferentiated cells were much more likely to be TIF positive than OCT4-negative differentiated cells ( fig. 7 ) . Because TIFs are more likely to occur in S phase of the cell cycle [Takai et al., 2003 ], this result suggests that OCT4-positive, undifferentiated cells are more likely to acquire telomere damage because they are still actively dividing. In contrast, because differentiated, OCT4-negative cells are growth-arrested, they no longer acquire telomere damage.
Discussion
Telomere dysfunction commonly occurs in cultured mammalian cells [Sabatier et al., 2005; Muraki et al., 2012] . We investigated whether UCSF4 cells experience telomere dysfunction when grown in culture and observed that UCSF4 cells grown in defined mTESR1 medium have an average of 7 dysfunctional telomeres per cell, which represents ∼ 4% of all telomeres. This percentage is very similar to that reported for mouse embryonic fibroblasts, in which <5% of telomeres were found to be dysfunctional [Sfeir et al., 2009 ], but it is much less than that observed in BJ human primary fibroblasts, which exhibit more than 10% dysfunctional telomeres under standard conditions [Suram et al., 2012] . Experiments were performed using cells between passage 20 and 40. Although we observed no effect of the passage number on the extent of telomere dysfunction, we cannot rule out the possibility that the sensitivity to replication stress and telomere dysfunction may change at a higher or lower passage number.
Growth conditions can significantly affect replication stress and telomere dysfunction. It has been reported for various cell types that low levels of aphidicolin cause replication stress [Arlt et al., 2012] and can result in telomere dysfunction [Sfeir et al., 2009] . Our results show that aphidicolin also increases telomere dysfunction and TIF formation in UCSF4 cells in a dose-dependent manner. In contrast, addition of nucleosides reduced telomere dysfunction and TIF formation. Takai et al. [2003] observed that TIFs typically appear during S phase, indicating that DNA replication promotes TIF formation. The ability of nucleosides to reduce TIFs in the UCSF4 cell line therefore demonstrates that UCSF4 grown in a defined medium can suffer from replication stress, which is at least partially due to insufficient nucleotide pools.
The growth factor Activin A has been described to have different effects on hESCs grown in culture. Laboratories have previously reported that when added at low levels (10 ng/ml), Activin A maintains hESC proliferation and pluripotency by signaling through SMAD proteins [Beattie et al., 2005; Xiao et al., 2006] . However, other laboratories report that this level of Activin A can induce differentiation [Sulzbacher et al., 2009; Sa and McCloskey, 2012] . Our data demonstrate that in UCSF4 cells, Activin A induces telomere dysfunction as well as growth arrest and differentiation. One possible mechanism by which Activin A promotes DSBs and telomere dysfunction in UCSF4 cells is that, similar to oncogenes, Activin A can cause replication stress due to an increased rate of cell division. However, it is also possible that in UCSF4 cells Activin A somehow directly causes DSBs or inhibits DNA damage response (DDR) or DSB repair pathways. Regardless, our results demonstrate that the addition of some growth factors to hESC lines can promote telomere dysfunction.
There are several possible mechanisms by which Activin A might cause differentiation and growth arrest in UCSF4 cells. It is possible that Activin A signaling causes the down-regulation of genes responsible for pluripotency. There are conflicting studies in the literature, with some groups reporting that Activin A helps to maintain pluripotency in some hESC lines in culture [Beattie et al., 2005; Vallier et al., 2005; Xiao et al., 2006] , while others report that Activin A promotes differentiation [Sulzbacher et al., 2009; Sa and McCloskey, 2012] . These differing results could be caused by differences in the hESC lines used, the concentration of Activin A, or the length of the Activin A treatment. Another possibility is that the effects of Activin A on differentiation are a result of the activation of DDR. Another group showed that p53, which is a critical player in DDR, causes differentiation and apoptosis in hESCs [Qin et al., 2007] . It is therefore possible that DDR resulting from Activin A-induced DSBs pushes the cells to differentiate. Differentiated cells, unlike undifferentiated cells, have a robust G1/S checkpoint [Sokolov and Neumann, 2012] , which causes cells with DNA damage to arrest in G1 phase, preventing additional damage from forming during DNA synthesis. Differentiation and growth arrest also serve as mechanisms for tumor suppression by taking damaged cells out of the actively dividing population.
Although UCSF4 cells treated with Activin A have increased telomere dysfunction, OCT4-positive undifferentiated cells in the population were much more likely to be TIF-positive than OCT4-negative differentiated cells ( fig. 7 ) . Since TIFs are generated during DNA synthesis [Takai et al., 2003 ], a simple explanation is that the difference between the frequency of TIFs in the undifferentiated and differentiated cells in the population is that the former divide more frequently than the latter. Regardless of the mechanism, these results demonstrate that the extent of the increase in telomere dysfunction caused by Activin A in undifferentiated UCSF4 cells is much higher than is indicated by our assay results, since our telomere dysfunction assay only measures cells in mitosis. The combined data therefore demonstrate that the extent of telomere dysfunction in the UCSF4 cell line during growth in culture can be either significantly increased or decreased by altering the factors present in their growth medium. It is therefore important to determine whether the effect of various factors on telomere dysfunction in UCSF4 cells is common to other hESC lines to optimize growth conditions to avoid chromosome instability during growth in culture.
We have demonstrated in this study that UCSF4 cells grown in a defined medium show telomere dysfunction. We have also demonstrated that changes in growth conditions, either through the addition of nucleosides or growth factors, can substantially influence the extent of this telomere dysfunction. Our results also suggest that this telomere dysfunction occurs through replication stress. As in the case of oncogene-induced replication stress, this replication stress in UCSF4 cells may be due to continuous cell division, because unlike hESCs in vivo , which only divide a few times during a human lifetime, UCSF4 cells, like other hESCs in culture, divide continuously. Regardless of the mechanism by which it occurs, minimizing telomere dysfunction in hESCs is important because it can result in chromosome instability, which can lead to cancer [Muraki et al., 2012] . Although it is well established that dysfunctional telomeres and telomere loss can lead to chromosome rearrangements and instability in other cell types, including mouse embryonic stem cells [Sabatier et al., 2005; Muraki et al., 2012] , it has yet to be demonstrated whether telomere dysfunction leads to chromosome rearrangements in hESCs. Regardless, in view of the importance of telomeres for chromosome stability, hESCs grown in culture for therapeutic uses should be monitored for telomere dysfunction. The Q-FISH and TIF staining protocols, which are feasible using standard laboratory equipment, are therefore important tools for routinely monitoring telomere health and optimizing culture conditions of hESCs.
